The rate of germination of populations of spores of Bacillus coagulans decreased as germination progressed, late-germinating spores exhibiting a delay or decreased probability of germination. Delayed germination was not due to changes occurring in the environment during germination. Colonies formed by delayed individuals had a similar morphology to those produced by the rest of the population. Delayed individuals constituted not more than 5 % of the total spore population. In a sample containing 17 delayed individuals, 14 gave spore populations with initial germination rates like that of the parent population, while three yielded populations which germinated at much slower rates. Delayed germination still occurred in spore populations grown from single colonies of the parent population. It was concluded that the spore populations were heterogeneous with regard to germination ; reasons for the heterogeneity are discussed.
INTRODUCTION
Heterogeneity of spore populations has been noted or suspected in the phenomena of germination (Schmidt, 1955; Hyatt & Levinson, 1961; Foerster & Foster, 1966; Wax, Freese & Cashel, 1967) , heat activation (Busta & Ordal, 1964) and ethylene oxide resistance (Church, Halvorson, Ramsey & Hartman, 1956 ). The non-logarithmic curve of extinction-decrease of spore suspensions during germination (McCormick, 1964 (McCormick, , 1965 was interpreted as being due to the heterogeneity of the spores (Vary & McCormick, 1965 ; Vary & Halvorson, 1965) . Further evidence for germination heterogeneity is presented here.
When a bacterial spore population in a constant germination environment exhibits a logarithmic decline in spore numbers due to germination it can be concluded that each spore has an equal chance of germinating, regardless of length of exposure to the germinant. However, when spore populations germinate, even under approaching constant conditions, some spores may still be detected long after most of the spores have germinated. When such ungerminated spores appear with greater frequency than expected from a logarithmic decline in spore numbers, they may justifiably be called delayed germinators. This paper reports experiments confirming the existence of delayed germinators and assesses the relative importance of environment and intrinsic factors.
Organisms and spore production. The organism used was Bacillus coagulans NCTC 3991, B. cereus T was also briefly examined. The parent population of B. coagulans spores had been stored at 4" for 2 years in distilled water. It was produced as described previously (Hitchins, Gould & Hurst, 1963) .
Spore populations were derived from delayed germinators as follows. Spores of the parent population were incubated for 10 days in 10 mM-L-alanine + sodium metabisulphite (Na,S,O,) in sodium phosphate buffer (pH 7.0, IOO mM). Solutions of Na2S205, sterilized by filtration, were added to germination media (0.16 % final concentration) to prevent growth of germinated spores; this did not prevent initiation of germination (Gould, 1964) . Use of Na2S205 enabled the course of germination to be monitored for long periods of time. A sample was heated at 70" for 30 min. to kill germinated spores and was found to contain about 0.01 % of the original spore concentration. Single colonies derived from these residual spores were obtained by growth on yeast glucose agar. The colonies were subcultivated in nutrient broth aerated by agitation until free spores were again formed. Control spore populations were derived in the same way, but the germination and heating steps were omitted. Bacillus cereus T spores were produced in nutrient broth. All spores were grown at 37". Viability of spores was determined by microscopic observation of a yeast glucose agar slide culture after incubation for 6 hr at 37". Media and chemicals. Germination was done in yeast glucose broth (YGB) and solutions of L-alanine (10 mM or as indicated) in phosphate buffer (pH 7.0, IOO mM).
Bacillus cereus spores were germinated in solutions of L-alanine (10 mM) or inosine (10 mM) in buffer. 0-carbamyl-D-serine (OCDS) was the gift of P. H. Hidy (Commercial Solvents Corp., Terre Haute, Ind., U.S.A.). It was used at 2 . 4 m~ in germination media. Nutrient agar and sometimes yeast glucose agar were used for colony counts. Germination. Spores were activated by heating to 70" for 30 min., unless otherwise stated. Throughout this paper the term germination refers solely to the initiation stage of germination during which heat resistance is lost. The germination temperature was always 37" and the initial spore concentration was about loS sporeslml., except as indicated. Germination kinetics were studied by counting the number of colonyforming units which survived heating at 70" for 15 min. or sometimes 10 min. Samples were decimally diluted in sterile distilled water and pour-plates of appropriate dilutions prepared in duplicate. The plates were incubated at 37" for 2 days. Longer incubations did not give significantly increased counts. The extent of germination was measured by counting the number of heat-resistant colony-forming units remaining in 10 mM-L-alanine+Na,S,O, in sodium phosphate buffer (pH 7.0, IOO mM) after 17 hr.
Preparation of delayed germinators. Spores were added to warmed YGB containing Na2S20, to a final concentration of about 3 x I O~ spores/ml. The course of germination was followed by viable-spore colony counts. After 3 hr the spore suspension was washed twice with cold sterile distilled water and heated at 70" for 15 min. to kill germinated spores. The resulting suspension was tested for rate of germination in fresh Y GB without further heating.
Time course for appearance of delayed germinators. The course of sporulation in shake flasks of nutrient broth was followed by viable-spore colony counts. Samples (10 ml.) were heated (70" for 30 min.) to kill vegetative forms and the suspensions Delayed spore germination washed four times by centrifugation in cold sterile distilled water. The samples, containing spores still in sporangia, were tested for extent of germination. The inoculum concentrations were not more than 5 x 106 spores/ml. and were generally about Ios/ml.
RESULTS

Viability
Spores (350) from the parent Bacillus coagulans population were examined by slide culture; all were found to be viable. Viable counts of the parent population were unaffected by heating at 70" up to 2 hr or by the nature of the plating medium. Figure I shows that the germination kinetics of Bacillus coagulans spores were nonlogarithmic and that there was an initial phase during which the majority of the population germinated rapidly, followed by a later phase of slow germination involving less than 5 % of the initial population. The spores that germinated during the later phase thus showed a delay of germination as compared with the majority of spores in the population. Preheating and Na,S,O,, although slightly inhibitory to germination, did not alter the typical non-linear shape of the germination curve. Since preheating generally stimulates the rate of spore germination the inhibitory effect was unusual, but was not investigated. Colonial morphology did not vary with sampling time during germination. Heat-shocked B. cereus T spores also germinated in a nonlogarithmic fashion in L-alanine, inosine or YGB.
Germination kinetics
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A u t 0-inhibit ion of germination Figure 2 shows that germination was slower and less complete at high initial spore concentrations than at low ones. Also Fig. 2 shows that this auto-inhibitory effect was counteracted by the alanine racemase inhibitor OCDS (Lynch & Neuhaus, 1966) . OCDS stimulates germination by inhibiting spore alanine racemase (Gould, I 966), which catalyses production of the germination inhibitor D-alanine from L-alanine. The lack of effect of OCDS at the lowest spore concentration indicated that there was no auto-inhibitory effect due to D-alanine ; however, delayed germination still occurred.
The auto-inhibitory effect is shown further in Fig. 3 , in which the % delayed germinators is plotted against the total spore population. Above 106 spores/ml. the extent of germination decreased with increasing concentration, whilst below I 06/ml. the extent of germination was independent of inoculum concentration.
Effect of replacing the medium on the germination kinetics
Two decimal dilutions of a germinating suspension at 10 and 20 min. with fresh warmed medium did not alter the typical non-logarithmic shape of the curve. Initial spore concentration was only 2.5 x Io6/ml. and the final concentration of spores+ germinated spores after dilutions was only 2-5 x 104/ml. Environmental changes induced by the germinating spores such as those causing auto-inhibition should have been negligible. Furthermore, any inhibitors of germination produced should have been diluted by the fresh medium and counteracted by the high L-alanine concentration (23.2 mM). Nevertheless, delayed germination was still apparent.
Delayed germinators obtained from a germinated spore suspension and representing about 0.2 % of the initial population exhibited a logarithmic rate of germination that resulted in about 70 % germination in 6 hr. Since the delayed germinators germinated slowly in fresh medium, the delay did not seem to be due to environmental changes occurring during germination.
Eflect of concentration of medium constituents and preheating on the extent of germination When the L-alanine concentration was kept constant (10 mM) the size of the ungerminated fraction increased from 0-02 to 0.30 % with increase of the total molarity of the defined medium constituents from 0.07 to 0.50 M. At a buffer concentration of roo mM, increasing the L-alanine concentration in the range 0.1 to 10 mM decreased the ungerminated fraction from 1.0 to 0.02 %. The ungerminated fraction increased to 1.0 % when the L-alanine concentration was further increased to 200 mM, presumably because of the high molarity of the medium.
Preheating of spores did not alter the general shape of the germination curve (Fig. I ). The extent of germination was not affected by preheating at temperatures below 80" but at about 88" preheating decreased the extent of germination (Table I ). The apparent killing of spores at the highest temperature was confirmed in another experiment. During preheating at 83" for 80 min. there was a slight decrease in the extent of germination during the first 15 min. similar in size to that which occurred at 81" for 30 min. (Table I ), but after that there was no further change. The increased fraction of ungerminated spores observed after extreme preheating was probably due to a slower rate of germination caused by heat injury (Busta, 1967) . It was concluded that preheating below 80" does not cause delayed germination.
Time of appearance of delayed germinators during sporulation
Experiment I in Fig. 4 shows that the extent of germination was always incomplete and that delayed germinators formed a constant proportion no matter at what time the samples were taken during sporulation. Experiment 2 confirmed this result but differed in that the extent of germination was markedly less than in Expt. I. This was possibly related to a lower rate of aeration, since the rate of appearance of heatresistant spores was slower and the spore yield was lower than in Expt. I. Furthermore, considerable lysis of vegetative forms occurred during sporulation in Expt. 2. The results suggested that appearance of delayed germinators was not a function of the stage of sporulation. Table 2 shows that delayed germinators yielded spore populations which germinated in most cases as quickly as unselected populations. Only three out of 17 delayed germinators yielded populations with very slow rates of germination. An unselected spore population derived from a colony of the parent stock and a fast-germinating population derived from a delayed germinator were found to have germination curves similar in shape to that of the parent population. Table I 
Effect of subculture on the presence of delayed germinators
DISCUSSION
Since delayed germination was not eliminated by attempts to maintain a constant germination environment it can be concluded that it was due to the nature of the delayed germinators. If germination rate can be regarded as a measure of the degree of dormancy, then, although all the spores in the population were dormant, some were more dormant than others. The remarks in this paper only apply to spores that germinated and formed colonies within 48 hr. Spores exhibiting even greater degrees of dormancy would have remained undetected. However, the high viabiIity of the stock spore suspension suggests that such spores, if present, were rare. Since germination heterogeneity was apparent in both simple germinant solutions and in yeast glucose broth, it seems that it was not due to a qualitative difference of germination requirements between fast and slow germinators.
Delayed spore germination 253
The only detectable factor that altered the constancy of the germination environment in this study was the auto-inhibitory effect of high spore concentrations (Fig. 2) which has been described previously (Stedman, Kravitz, Anmuth & Harding, 1956; Stedman, Kravitz, Harding & King, 1957) . Auto-inhibition of germination is due to D-alanine being produced from the germinant L-alanine (Fey, Gould & Hitchins, 1964) by alanine racemase. D-Alanine is a well-known inhibitor of spore germination and it acts by inhibiting L-alanine-induced germination (O'Connor & Halvorson, I 96 I). 0-carbamyl-D-serine (OCDS) inhibits alanine racemase (Lynch & Neuhaus, 1966) and its stimulating effect on germination is due to its inhibition of spore alanine racemase (Gould, 1966) . Since the auto-inhibitory effect with B. coagulans was counteracted by OCDS it was probably due to the action of spore alanine racemase. Woese, Vary & Halvorson (1968) suggested that the non-logarithmic germination curve might be due to a Poisson distribution of a germination enzyme, which might be L-alanine dehydrogenase (Halvorson, Vary & Steinberg, 1966) or perhaps the protein initiator of germination isolated by . This would mean that the distribution of germination heterogeneity in the population is continuous. However, the results presented here could be interpreted as meaning that the germination heterogeneity is discontinuous, the population consisting of a mixture of two variants, the minority variant forming the delayed germination spore fraction. Unfortunately it is difficult to decide between the possibilities of a dichotomously or continuously variable population (Gilbert et al. I 964).
With Bacillus cereus spores delayed germination was apparent in the presence of the two germinants L-alanine and inosine. L-Alanine dehydrogenase is almost certainly not involved in inosine germination. This suggests that the variation of some spore component other than L-alanine dehydrogenase, but having a common relationship to the mechanisms of germinative action of both germinants, was responsible for the germination heterogeneity. Whatever the nature of the variable spore component, it was not affected by environmental conditions during spore formation by B.-coagulans. The fast-and slow-germinating spores both developed heat resistance at about the same time during sporulation, the slow ones not appearing markedly earlier or later than the fast ones.
Some of the delayed germinators may have been slow-germination mutants since they formed slow-germinating spore populations, but the majority formed fastgerminating spore populations. This may mean that if delayed germination was due to mutation, there might have been a high rate of reversion. At least some of the fastgerminating populations obtained from either fast or slow germinators were heterogeneous, since they also contained some delayed germinators, suggesting that the ability to produced heterogeneous populations is inheritable. Germination heterogeneity resembles in this respect the dissociation phenomena characteristic of the genus Bacillus (Braun, 1947; Smith, Gordon & Clark, 1952; Moore, 1965) or the quantitative mode of inheritance of oligosporogeny (Northrop & Slepecky, I 967) . Alternatively, the apparent inheritability of heterogeneity is not inconsistent with a non-genetic explanation such as that of Woese et al. 1968 . The relative importance of the various possibilities remains to be decided.
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